This paper is to make a better understanding of the flow instabilities and turbulent kinetic energy (TKE) features in a largescale Francis hydroturbine model. The flow instability with aspect of pressure oscillation and pressure-velocity correlation was investigated using large eddy simulation (LES) method along with two-phase cavitation model. The numerical simulation procedures were validated by the existing experimental result, and further the TKE evolution was analyzed in a curvilinear coordinates. By monitoring the fluctuating pressure and velocities in the vanes' wake region, the local pressure and velocity variations were proven to have a phase difference approaching /2, with a reasonable cross-correlation coefficient. Also the simultaneous evolution of pressure fluctuations at the opposite locations possessed a clear phase difference of , indicating the stresses variations on the runner induced by pressure oscillation were in an odd number of nodal diameter. Considering the TKE generation, the streamwise velocity component ⟨ 2 ⟩ contributed the most to the TKE, and thus the normal stress production term and shear stress production term imparted more instability to the flow than other production terms.
Introduction
The growing electric power demand calls for the elevation of power plant capacity and hereby the large-scale hydroturbine set, as well. Therein, most of them are Francis hydroturbines, and their hydraulic design is prone to high specific-speed type due to the capacity augment per unit. Accordingly the large-scale hydroturbine leads to many new issues for the design stage and running process, such as the problem of flow stability including energy characteristics and cavitation performance, which has attracted much attention in the recent years. It is common knowledge that the turbine will experience severe instabilities as running at partial flow rate conditions; therefore, it is of significance to study the flow instabilities of larger-scale hydroturbines, since they often work as peaking power plants. The Three Gorges Project in the Yangtze River of China, the largest hydroplant in the world, also maintains such problems when running off the optimal flow conditions, like the flow-induced vibration, noise, and even the output swinging.
Besides the inherently mechanical factors which result in vibration and noise, the hydrodynamic characteristics in the flow passage mainly affect the flow instabilities in various ways. To name a few, the large pressure fluctuations caused by vortex rope in draft tube often happen at 30%∼60% of rated load, the vibration induced by Kármán vortex shedding from the blades occurs at over 50% of rated load, and also the channel vortices between the neighboring blades appear accompanying cavitation, and so forth [1] .
For the high flow rate conditions, the flow field inside the passage is quite irregular, and the cavitating channel vortex may expand to the blade inlet. Meanwhile, the pressure fluctuations grow in magnitude and so the vibration caused by the cavitation flow. As for the low flow rate 2 Advances in Mechanical Engineering conditions, the working efficiency of hydroturbine becomes lower comparing with the optimal point. Due to the large contact angle of blade, the flow separates from the inlet of blade, often accompanying channel vortex and vortex rope at downstream. Those cavitations could result in strong pulsation in the flow due to the compressibility of the vapor-filled zones; the hydraulic instabilities will follow the collapse of these cavities. The severer the cavitation becomes, the stronger the pressure fluctuations will be. When flow is passing through the rotated runner, the fluid obtains intense momentum both at circumferential and at tangential orientations, where the carried cavitation spots propagate either upstream or downstream. Thereby the violent variation of flow field periodically interacts with stay components, such as the wake flow behind the guide vanes interacting with the blade inlet flow and the blade outflow affecting the vortex rope in the draft tube [2] . Those flow-induced instabilities would be responsible for the mechanical failure of blades, crack of draft tube, vibration of housing flooring, and so forth.
On the hydrodynamic instabilities, many efforts have been done focusing on various aspects. The origin of the vortex rope was believed to be closely similar to the vortex breakdown patterns which were observed over a delta wing at a large contact angle [3] . And the inherent unsteadiness of swirling vortex rope was due to the absolute instabilities at the conical inlet of the turbine's draft tube [4] . Following this clue, a novel solution of flow feedback was proposed which stabilized the swirling flow and thus mitigated the vortex rope and its associated pressure fluctuations [5] . Meanwhile, the critical state of swirling configuration was investigated by calculating the axial-disturbance eigenvalues [6] . Furthermore, Zhang et al. (2009) identified that this swirling instability was caused crucially by the reversed axial flow at the inlet of the draft tube [7] , and at downstream the reversed flow slowed down and evolved into irregular motion. Further fruitful results have been obtained to understand and predict the features of swirling vortex rope. Ruprecht et al. (2002) [8] have calculated an unsteady flow in the draft tube by using an extended k-model [9] accompanied with modifiedequation, by which the vortex rope was captured without damping effect at downstream. With the aid of particle image velocimetry (PIV), the velocity fields of a model pump-turbine with a straight cone draft tube were also measured, which validated the former numerical findings [10] and identified the correlation between the vortex rope rotation and the pressure fluctuations [11] . Meanwhile, with various numerical results for the draft tube vortex prediction, the scale-adaptive simulation (SAS), Reynolds stress model (RSM), and large eddy simulation (LES) were suggested to be suitable for this cavitation flow [12] . Kuibin et al. (2010) presented a mathematical model which could reproduce the vortex rope geometry, precessing frequency, and associated pressure fluctuations. This model at the first time assessed the hydroturbine's behavior without computing the full threedimensional flow in the complicated passages [13] . Iliescu et al. (2008) and Ciocan et al. (2007) have measured this cavitating two-phase flow experimentally and numerically, concentrating on the structures of vortex ropes and the influences of different parameters on the morphology of vortex ropes [14, 15] . Along with further evidence, the lowfrequency pressure oscillation originating from the vortex ropes influenced the turbine's stability the most [16] .
Also for decades, the vortex evolution in the complicated flow passages has been investigated intensively (Sieverding 1985) [17] . As for the channel vortex, its onset resulted from the combination of strong secondary flow in the twisted space between blades and the flow separation due to large contact angle. Kasper et al. (2008) have presented a series of clear images of channel vortex in an axial turbine model by injecting ink for visualization, by which the trajectory of the channel vortex breakdown was extracted [18] . Similar experimental investigations on such three-dimensional flow visualization were done in linear turbine cascade [19] . Although there are differences between the axial turbines with Francis turbines, results for the latter may also follow those findings. Escaler et al. (2006) have made a thorough detection on the various kinds of cavitation vortices in the hydraulic turbines, and it was found that the collapse of the individual cavities was generally governed by a low-frequency fluctuation related to the main cavity dynamics [20] . The detrimental effects of channel vortex seemed more related to the mode of operation. Channel vortices at the part load were attached to the crown, driven through the blade channel toward runner outlet. A CFD simulation on the channel vortex at part load was published by Stein et al. (2006) [21] , presenting good agreement with experimental observation. However, very few studies have been made so far to predict the characteristics, especially the time-dependent aspects of these vortices. Nevertheless, it was also beyond the scope of the current study.
At upstream of vanes' area, the flow would be affected by the changing of flow passing runner. Their mutual interaction was responsible for the dynamic load, the resulting stress, and residual life of the turbine components [2] . This phenomenon often had sufficiently high frequency to be perceived as noise and vibration, depending on the numbers of stationary and rotating cascades [1] . The associated pressure pulsation would excite natural frequency of system, resulting in standing wave in the spiral casing. Such concept of kinetic interaction has been developed by Tanaka (1990) [22] . Put simply, the intensity of the exciting pressure fluctuations will decrease with increasing orders of harmonics; this has been experimentally identified in a large pump-turbine by Ohashi (1994) [23] and Fisher et al. (2004) [24] and also expanded further [25] . Considering the hydroacoustic nature of interaction, a new approach of one-dimensional simulation model was suggested by Nicolet et al. (2006) [26] . The analysis of the pressure fluctuations resulting from the rotor-stator excitation showed that the rotating diametrical pressure mode and standing wave are properly simulated for a pump-turbine of 20 guide vanes and 9 impeller vanes. Besides the experimental measurements focusing on the flow through these two cascades [26, 27] , the numerical simulations combining pressure oscillations with mechanical properties have been carried out [28, 29] . Lais et al. (2008) also did experiments and simulation to study the natural frequencies, accompanying the fluid-structure interaction [30] . Those results revealed that the highest amplitude of Advances in Mechanical Engineering 3 pressure variations occurred in the region of the vaneless gap between the stationary and rotary cascades, and it decreased rapidly with the distance from that area [1, 31] .
Recently, Katz group has provided a detailed study on the tip region flow within several blade cascades in a waterjet pump; the distinguished results of velocity fields, vorticity distribution, and turbulent kinetic energy (TKE) were obtained by using PIV for a full-transparent blade cascade and endwall [32, 33] . It was worth noting that the kinematic features of wake after the stator airfoil have been studied, which could tell how the energy is transported during the wake interaction. Since wakes were usually distorted while migrating, their subsequent development and interaction with the wall seemed quite dramatic when passing the following blade cascade [34] . The study on the features of TKE led to a new aspect of vane-blade flow interactions. It could directly reflect the distribution of Reynolds stresses, and different TKE production terms illuminated how the energy was fed into the fluctuations, by which the instabilities were sustained. However, to our best knowledge no attempts have been made so far to investigate the characteristics with the TKE in the wake flow of a Francis hydroturbine. This paper aimed at numerically making a better understanding of the flow instabilities in a model of giant hydroturbine, focusing on the features of TKE in the vaneless region, in the hope to discover the new evidence for the early design stage, operating control, and the diagnostics of possible accidents.
Numerical Simulation Procedures and Validation
To numerically recover the cavitating flow with fine accuracy in the complicated passages, the mesh and associated turbulence model should be well defined. The computing procedures are described as follows.
Turbine Structure and the Mesh.
Numerical computations of cavitating flow were based on a model runner which was designed for the large-capacity Francis hydroturbine, saying 1000 MW. This model runner had a high-pressureside diameter of 400 mm, low-pressure-side diameter of 360 mm, 15 blades, 23 stay vanes, and 24 guide vanes; both vane cascades had the same height of 76.68 mm. And the specific speed was determined at the design stage, which was 155 m⋅kW. For numerical simulation, the computational domain was shown in Figure 1 , containing 5 parts, that is, the spiral casing, stay vanes, guide vanes, runner, and draft tube. The flows in these parts of a full passage were jointly calculated to achieve high computation accuracy. Meshing strategy should be well considered to predict the unsteady cavitating flow. The structured grids were adopted for all 5 parts in numerical simulation, which were created using the commercial software ICEM (within Ansys 12.0). Six sets of grids with different scales were used for the verification of grid independence. The performance efficiencies of the six cases with various meshes were shown in Figure 2 , for the test operating condition of guide vanes' opening = 18 mm and unit rotating speed 11 = 60.6 r/min. This revealed that the efficiency was close to a certain value when the total number of cells was greater than 8 million, and the calculation result agreed well with experimental data ( = 94.8%) for this mesh. In the following calculations, the mesh used for unsteady cavitating flow was shown in Table 1 . The refined grids were constructed at the near-wall area, and the values of + (= /], where is the normal distance to the wall surface, is the friction velocity, and ] is the kinematic viscosity, resp.) on the vanes' surfaces and runner blades' surfaces were less than 5, which could satisfy the calculation demand of LES. The meshes for the several components were displayed in Figure 3 .
Numerical Method.
This study utilized LES method with a certain two-phase cavitating model which is based on the vaporizing-condensing process to simulate the cavitating flow in the Francis turbine. With the assumption of an incompressible working fluid, the governing equations are summarized as follows.
The LES method resolves large scale of the flow field solution, while models resolve small scale of solution which is filtered by filtering operating function. Thus the filtered governing equations are as follows.
Continuity equation:
= 0 (1) momentum equation:
where is the so-called sub-grid-scale (SGS) stress which will be modeled to enclose the above equations and the parameters with a bar represent the resolvable scale part. In the current investigation, Smagorinsky model is employed to compute .
For the cavitation model, the process of vaporizing and condensing can be described by
where is the density, is the volume fraction for each phase (subscripts V and represent vapor phase and liquid phase, resp.), anḋ+ anḋ− are the mass exchange rates caused by vaporizing and condensing processes, respectively.
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therein, is the number of cavity bubbles, and is the typical radius of cavity bubble.
Employing the Zwart-Gerber-Belamri (ZGB) cavitation model, the source terms for evaporation and condensation are expressed as follows:
where nuc is the volume fraction of vapor nucleation point and and are the vaporizing coefficient and condensing coefficient, respectively. On the numerical settings, the second-order Crank-Nicolson method was adopted for temporal marching. The SIMPLEC scheme was used for pressure-velocity coupling; the second-order upwind scheme for pressure iterations and fourth-order central-difference scheme for momentum were set for spatial discretization. And near the wall zone, the flow was treated by using a standard wall function. The residual criteria were set to 10 −5 and the time steps were given separately according to the flow conditions in order to ensure the runner rotating 1 degree within one time step.
On the boundary conditions, the total pressure was given at the inlet of spiral casing, which was determined by model test result. The static pressure was set at the outlet of draft tube, determined by the cavitation coefficient in the experiment. And the no-slip boundary condition was used at the walls.
Results and Discussions
The operating conditions of numerical simulation for flow in the hydroturbine were shown in Table 2 , including the points where either channel vortex or vortex ropes can be found in the runner or draft tube and flow features nearest to the best efficiency point (BEP) as well.
We have performed a series of simulations for different openings of guide vanes, that is, = 10 mm, 14 mm, and 18 mm (the rated opening of guide vanes). According to these settings, typical cavitating phenomena were captured by changing the unit rotating speed. The operating conditions were listed in Table 2 , where 11 was the unit rotating speed as aforementioned, 11 was the unit flow rate, and was the cavitation coefficient. These flow conditions were also clarified in red circles in the synthetical characteristic chart for hydraulic test (Figure 4 ).
Firstly, we should validate the calculations under the numerical settings above, and this was confirmed by comparing the external characteristics, that is, the relationship of 
Flow in the Draft Tube and Runner.
To obtain the patterns of cavitating area in the draft tube, the criterion of vapor volume fraction by 10% was used to extract the shape of vortex rope from multiphase calculation results. Figure 6 just displays the helical form of vortex rope at operating condition of = 14mm and 11 = 55.0 r/min, showing excellent agreement with former experimental results [35] . The results of other conditions have similar patterns, and all considerably reproduce the patterns in the experiments.
For the channel vortex in the passage between the neighboring blades, we utilized the vorticity criterion to illustrate the features of channel vortices in the runner. This criterion [36] can correctly define the vortex region by giving a threshold value for vorticity measure. It works well in the bulk of channel passage, whilst it may encounter confusion at the near wall region where the strong shear effect exists. However, the vorticity criterion could just precisely capture the patterns of channel vortices. Vorticity denotes the measure of rotation of velocity, and thus the channel vortex induced by secondary flow would fit motions of translating and rotating. Figure 7 shows the channel vortices in the runner distributing along the flow direction based on cavitation model at condition of = 10mm, 11 = 59.9 r/min. The threshold for channel vortex illustration is half of the ensemble average value of vorticity magnitude in the runner, that is, 0.5⟨| |⟩. Compared with experiments [35] , it is found that the multiphase calculation can well reproduce the cavitating flow in the channel passages. They both present a main stripe of cavitating region along the flow direction with separately isolated secondary cavitating bubbles at the transverse direction, indicating results based on cavitation model can capture most of the features of channel vortices accurately. 
Flow in the Vaneless Area.
We now focus on the flow in the gap between guide vanes and the runner; the results for all three different openings of guide vanes will be compared. minimum loss of energy. We have compared the average flow field for the guide vanes' opening of 14 mm with the PIV experiments [35] , as shown in Figure 8 . Both results are derived from 200 samples of instantaneous data at the halfheight plane of guide vanes, and the flow conditions keep the same, that is, 11 = 65.4 r/min. It seems that the simulations recover the flow patterns at the regions over and behind the guide vanes, and the velocity at the pressure side is higher than that at the suction side. To quantitatively describe the flow field in the wake region behind the trailing edge of a guide vane, the average dimensionless velocity / 0 on the diagnostic line is extracted (Figure 8(c) ). Therein, is the local absolute velocity, and 0 is superficial velocity at the inlet of spiral casing calculated by the ratio of flow rate and the area of cross-section of casing inlet. The line for test is located at the distance of / = 0.2 off the rear of guide vane, whose definition in coordinates ( , , ) is given in Figure 11 , and is the chord length of guide vane. The results show that the velocity at the wake centerline maintains a minimum, and it grows faster at the pressure side more than suction side. Such difference should be part of reasons of flow irregularity at downstream. However, the trends of velocity distribution remain the same and the simulation agrees well with the experimental measuring.
Pressure
Oscillations. The pressure fluctuation in the vaneless region should have a direct relationship with the flow state over the guide vanes. When flow passes through the channels confined by guide vanes, the vanes will convert a part of pressure energy of the fluid at their entrance to the kinetic energy of flow and then direct the fluid onto the runner blades at the angle appropriate to the design. Moreover, fluid from the entrance of guide vanes will accelerate because of their convergent shape of confined channels. Thus the fluid enters the high-speed rotating runners. Figure 9 gives the pressure oscillations in the area behind the guide vanes and before the runner. For the guide vanes' opening of = 18 mm, the pressure variations for 11 ranging from 55.3 r/min to 65.0 r/min at the monitoring position P1 (Figure 9(a) ) in the frequency domain are demonstrated. The details of pressure oscillation characteristics are given in Table 3 . The intensity of the pressure oscillations is measured by the parameter of peak-to-peak value Δ / , where H is the water head for current operating condition. It reveals that the pressure oscillation augments its amplitude as the opening of vanes turns down if 11 remains unchanged. Meanwhile, off BEP, the magnitude of pressure fluctuation also climbs high when the (unit) rotating speed gets lower. It is worth noting that the magnitude of dominant frequency fluctuations does not change much for all the conditions, whilst that of secondary frequency fluctuations falls off rapidly as the turbine running near to BEP.
However, to consider the characteristics of oscillation frequencies, the dominant frequencies and secondary frequencies remain the same for all the operating conditions, which are the integral times of blade passing frequency . This is known to be the nature of flow in the turbines.
For monitoring the pressure oscillation, we also extract the results from point P2, which is located at the symmetric position with P1; that is, their geometric positions shift 180 degrees to each other. Figure 10 presents both the fluctuations of pressure and velocity at positions P1 and P2 for = 18 mm and 11 = 65.0 r/min, and those data are chosen when the flow state approaches stability. Considering the relationship between local pressure and velocity variations, it is shown that they both have a phase difference approaching /2, with cross-correlation coefficients of 0.45 and 0.48 for P1 and P2, respectively. This would indicate that the fluctuating pressure and velocity are reasonably correlated locally at vaneless region, playing a role of TKE diffusion since the monitoring positions are in the shear wake. Moreover, from simultaneous evolution of pressure fluctuations for P1 and P2, they show a clear phase difference of , and it should stem from the combination of their geometric positions and internal flow features. For comparison, Figure 10 (d) exhibits the experimental diagnostics on the pressure oscillations at P1 and P2 points. It reveals the same variations as the simulation presents. Thus it may be deduced that the stresses variations on the runner induced by pressure oscillation are in an odd number of nodal diameter, based on the rotor-stator interaction theory [22] .
Features of TKE at Wake Region.
Wakes will emerge at the trailing edge of a barrier when the fluid flow is passing through it. As discussed above, the TKE will be rebudgeted at the wake region.
From the equation of TKE, where represents the TKE. The pressure diffusion term (which includes the parameter p) represents only the transportation contribution or propagation of pressure variations on TKE distribution, without decaying or generation. It has been proved to be an infinitesimal value which was simply neglected in an axisymmetric jet [37] or cylinder wake [38] , and if not, it was measured to be much less than turbulence diffusion effect in a planar wake [39] and low-pressure turbine blade wake [40] . On the other hand, TKE varies along the flow direction, and its production would be responsible for the turbulence intensities in the vicinity of runner inlet. It was revealed that the production and turbulence diffusion terms were the most significant in the TKE balance with convection and dissipation effect. Specifically in engineering situations, the kinetic energy is partly removed from the mean motion and added to the fluctuations, so the production term usually acts to increase the TKE. Therefore, to study the TKE production, we could also attempt to understand the manner of how the TKE sustains the local turbulence level.
In order to understand the mechanism of irregular flow state at the wake region, we try to analyze the evolution of TKE in curvilinear coordinates ( , , ) based on wake centerline and the trailing edge of guide vane. The schematic of curvilinear coordinates ( , , ) is shown in Figure 11 , where is on the tangential direction of wake centerline, is on the perpendicular direction of s, and is perpendicular to ( , ) plane, that is, parallel with the height of guide vane. Therein, the wake centerline is the very streamline separating the pressure side flow from suction side flow, along which the normal component of velocity is zero.
Therefore, TKE reads as = 0.5⟨ 2 + 2 + 2 ⟩ in curvilinear coordinates ( , , ), where , , and are the three corresponding fluctuating velocity components. Figure 12 shows the TKE distribution in the wake region and runner for the same (similar) 11 value at different openings of guide vanes. The data are given in the center plane along the streamwise flow direction. At the small opening, TKE peaks at vaneless region, and as the opening grows, TKE gets decreased in the wake and, however, augments at the pressure side of runner inlet. Figure 13 gives another comparison of TKE distribution with varying 11 at = 4 mm. It illustrates that TKE gets weaker when 11 increases and its distribution becomes laminarly uniform. Moreover, when and 11 approach the optimal running condition, the maximum value translates to the pressure side of runner blade, and TKE is minimum at the wake region. The TKE peak is shown to be approximately half of that at = 10 mm. That indicates that the pressure oscillations also reduce as the velocity oscillations get lower.
At Figure 14 , it shows the three TKE components' distribution at = 10mm and 11 = 54.5 r/min only; the other cases have similar trends for every TKE component's portion in total. They also represent the very different normal Reynolds stress patterns. At this condition, the most of TKE generates at the wake region due to flow contraction, and ⟨ 2 ⟩ is by far the largest contributor to the TKE both in the vaneless area and in the runner region, followed by ⟨ 2 ⟩ and ⟨ 2 ⟩.
In the following we examined all the TKE production terms in the corresponding Reynolds stress production rate. Katz group has presented an alternative form of TKE equation based on such curvilinear coordinates [32, 33] . Using that, the contributions of several Reynolds stress components to the kinetic energy production can be elucidated in the wake. Thus, we translated the results under the Cartesian coordinates into the expressions under ( , , ) coordinates. The examining of TKE is performed in the area marked as 
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According to previous work [32, 33] , the TKE production term ⟨ ⟩( / ) in (6) can be decomposed into four terms, that is, the normal stresses production term , shear stress production term , curvature production term , and three-dimensional production term . The following data are derived from running conditions at 11 ∼60 r/min and ranging from 10 to 18 mm.
The so-called normal stresses production term reads as
where is the local curvature radius of wake centerline and ℎ = 1 + / . The distribution of for various conditions is shown in Figure 16 . As the opening grows, becomes lower near to the trailing edge of guide vane but gets larger near to the runner inlet, indicating that the flow carries the fluctuating energy further downstream. For the optimal opening = 18mm, shows almost zero along the measuring line / = 0.1, and its final peak value at / = 0.4 is less than the maximum value for = 10 mm at / = 0.1. From this picture, it is also suggested that the normal Reynolds stress does not contribute to the TKE any more in the vicinity of runner inlet at small opening of guide vanes, since the wake flow may contain vortices there. And in that case, the shear stress production would contribute more TKE.
The shear stress production term reads as
This term represents the shear Reynolds stress contribution to the TKE. Figure 17 displays the distribution along the measuring lines for different running conditions. It shows that almost occurs at the pressure side of vanes, where the runner exists. As expected, more contributes to the TKE when the vanes' opening is small. It is worth noting that the peak value of happens at the very pressure side / ∼ 0.1 for = 10 mm, while at the same location for = 18 mm, the peak value is less than that for 10 mm. The larger the vanes' opening is, the more the curve shifts right (Figure 17(a) ), indicating that large shear stress component occurs near the trailing edge of vanes at small vanes' opening. However, the maximum turns up around / = 0.3 and / ∼ 0.05 for = 18 mm, which decreases sharply at downstream, which should be a result of wake evolution induced by vane-runner interaction.
The curvature production term reads as
This term is composed of shear Reynolds stress and the average streamwise velocity gradient at curvature radius. It is a measure of how much TKE is produced towards the curvature center. The distribution of is provided in Figure 18 . Comparing with normal stress production term and shear stress production term, this curved effect is one order less than them. Again, at small guide vanes' opening, at pressure side is larger than that at suction side, and it decreases at flow downstream, indicating that the curved effect on turbulent flow is low. However, for large opening, most of the translates from suction side near trailing edge to pressure side of downstream, which is the interaction zone with runner blades.
The three-dimensional production term reads as = ( + )
This term contains all the shear stresses with z-direction velocity fluctuations; therefore, it is a measure of TKE generation in three-dimensional flow space. The results of are exhibited in Figure 19 for different vanes' openings. As the opening decreases, the values get larger, leading to the stronger spatial irregularity of flow. However, for all the openings, the values are less than 1, which are two orders of magnitude lower than and , accounting for the least portion in the total TKE production term. Thus, its influence on the flow stability can be neglected. Now, it can be seen that the normal and shear stress production terms impose the most influence on the flow instability in the wake region, followed by the curvature production term, and the three-dimensional production term is usually neglectable.
Conclusion
The flow instability with pressure oscillation, pressurevelocity correlation, and turbulent kinetic energy in a largescale Francis hydroturbine are numerically investigated using LES method. Three sets and total nine runs of simulations are performed, which lie in the low flow-rate conditions. The LES method with two-phase cavitation model could accurately capture the main features of draft tube vortex, channel vortex, fluctuating pressure, and velocities, and the TKE evolution in the wake region after the guide vanes is also analyzed in detail in curvilinear coordinates ( , , ). The results from pressure oscillation by two monitoring points show that the possible stress variation on the runner induced by fluctuating pressure is in an odd number of nodal diameter.
The main results are concluded as follows.
(1) The magnitude of pressure fluctuations in the wake region grows as the guide vanes' opening or rotating speed decreases.
(2) The TKE decreases when the guide vanes' opening turns down, indicating that the turbulence level is falling off. And the TKE distribution will become more laminarly regular in the wake and runner when the vanes' opening gets large. Figure 19 : The three-dimensional production term distribution . (a) For different guide vanes' openings at / = 0.1, (b) for = 10 mm, and (c) for = 18 mm.
